On the basis of a decaying-particle cosmological model with a massive decay product whose present Jeans wavelength is ~30h-1Mpc (the Hubble constant Ho=100h km s-IMpc-1 ), we study the correlation functions and velocity distributions of galaxies and clusters of galaxies using the direct method of N body simulation for these objects and the simple difference method for the dark matter fluid consisting of the decay product. It is assumed that the power index Ns of the power spectrum of the initial density perturbations is 0, -1 and -2, the redshift Zd corresponding to the decay time is 2~3 and the present density parameter Q dO for the decay product is 0.8~0.9. The dark matter fluid prevents galaxies from clustering in the small-scale and helps clusters of galaxies clustering in the large-scale. Owing to this role of the dark matter fluid, models in the case Ns=O~ -1, Qdo=0.8~0.9 and zd=2.0~3.0 are found to be consistent with the observational results on the correlation functions and velocity distributions. § 1. Introduction
Recently some important observational facts about the large-scale structure of the universe have been discovered. One of them is the dipole anisotropy of the distribution of galaxies in the range of 200 Mpc around the Local Group. Comparison of this anisotropy with the velocity of the Group relative to the cosmic background radiation shows that the density parameter £2L for the matter tracing gravitationally the large-scale inhomogeneity of galactic distribution is nearly equal to unity.l)-3) In the small-scale clustered objects whose sizes are smaller than 20 Mpc, on the other hand, the density parameter (£2s) belonging to those objects is smaller than 0.3, as was shown by Peebles. 4 ) That is, the density parameters for the matter contributing to the gravitational clustering are different in the large-scale and smallscale regions.
N ext it has been found that there is a characteristic difference between the correlation (~g) of galaxies between the above two corresponding density parameters? What physical processes are there, if they can be connected?
Recently we have studied the galactic number count-redshift relation 13 ) and the dipole anisotropy of galactic distributions in the decaying-particle cosmological models. 14) Our results show that in the case with relativist.ic decay product the fitting with the observations is somewhat questionable, but in the case with a massive decay product there js no problem, if the fluid consisting of the decay product is dominant and their Jeans length Ad] is about 30 h-1Mpc at present (the Hubble constant Ho=100h km s-lMpc-1 ). In the latter paper 14 ) we discussed the condition which should be satisfied by the decay with such a massive decay product. If it exists, the behaviors of inhomogeneities are different according to whether their lengths are larger than Ad] or not. If they are larger, the density perturbations of galaxies or clusters of galaxies grow together with that of dark matter (the decay product), but, if they are smaller, it is prevented from growing, because the dominant dark matter cannot grow gravitationally. Thus such a decay product may explain the difference of clustering in the large-scale and small-scale inhomogeneities.
In this paper we treat the gravitational clustering in the system of the particles (representing galaxies or clusters of galaxies) and the dark matter fluid (consisting of massive particles as the decay product). The predecay cold particles are assumed to be included within the galaxies or clusters of galaxies. After their decay the decay product flies away rapidly from those clustered objects and expands to the region of the Jeans wavelength. Though the dark matter may be a collisionless gas, it is here treated as a fluid for simplicity and we assume the Jeans wavelength Ad] to be 30 h- 1 
Mpc at present.
For the clustering we take up the following two models: In the first model (A), the 15 3 (=3375) points representing galaxies are distributed within a box with each side of 25h-1 Mpc, in which the fluid is kept to be homogeneous and unperturbed, because the length is smaller than Ad]. In the second model (B), the 11 3 ( =1331) points representing clusters of galaxies are distributed within a box with each side of 200h- 1 Mpc, in which the particles and the fluid are perturbed at the same time. The junction between (A) and (B) which is important for their comparison is considered in their initial ~onditions.The boundaries of both models are spatially periodic in the period of the length of each side. In both models the motions of the particles are followed and the correlation functions are derived to the final epoch (the present). Thereafter the comparison of the two correlation functions is made to discuss what model parameters and initial spectra are appropriate to explain the observational difference.
The initial condition for the perturbations is given as follows: At an initial epoch Z=Zl (after the recombination epoch) the perturbations for the positions and velocities of particles are specified with some appropriate power spectra which are modified by the stagspansion effect. The amplitudes are· determined so that at least one of the present correlations of galaxies and clusters of galaxies is comparable with the observed one. The perturbation for the decay product is assumed to be zero initially. From this initial epoch to the present the equations of motion for the particles and fluid dynamical equation are solved, which are coupled through the gravitational interaction.
The clustering of galaxies in a decaying-particle cosmological model with a massless product was recently studied by Suto 15 ) using the method of N body simulation. His analysis is different from the present work, because it was confined to the case in which the daughter particles are ultra-relativistic and Zd< 1, but some behaviors of particles characteristic of this model were already shown by him. The difference will be discussed in § 4.
In § 2 equations of motions for the particles and fluid dynamical equations to be solved are shown with the two models. In § 3 the used methods of numerical calqIlations and the initial and boundary conditions are shown. In § 4 the derived correlation functions in the two models are shown in various cases and discussed in comparison with their observational counterparts. In § 5 the velocity distributions in the two models are similarly discussed. In § 6 some concluding remarks are given. § 2. Equations of motion for particles and the dark matter fluid First we assume that the background model universe is flat and the cosmological constant vanishes, i.e., Q=l and A=O. The metric is expressed as
where a(t)=(t/t1)2/3 and t1 denotes an initial time.
The matter consists of clustered component and unclustered component. The clustered component contains baryons and cold particles and are treated as particles representing galaxies and clusters of galaxies. The unclustered component consists of the daughter particles which are produced by the decay of mother cold particles and here treated as the dark matter fluid. The daughter particles are assumed to be hot particles with the present Jeans length of 30h-1 Mpc. The density para:meters for the dark matter fluid and clustered objects are Qd = ~ and QC1 = 1-~, respectively.
The present value of ~ is ~o (=O.8~O.9). The decay time is denoted as td and the corresponding redshift is zd(2~3). The time dependence of ~ is expressed as
The dynamical evolution of particles and the dark matter fluid is treated in the Newtonian approximation. The equations for the coordinates Xia, the velocities Via of ith particles (a=l, 2 and 3) and the fluid dynamical equations for the fluidal density contrast K='Pd/PdB-1 and the velocity field Ua are expressed as follows, where Pd is the density of the dark matter fluid and PdB is its background counterpart: 
Equations (2·3)~(2·7) are rewritten as follows: Here we added a viscous term C~fJ-a2 /aY/Ua to Eq. (2 ·14), so that the dark matter fluid may represent approximately the behaviors of the collisionless gas. The simulation of a collisionless gas by use of a fluid has been studied by Press and Vishniac 17 ) in the linear treatment of the perturbations. Here along the same line, the artificial viscosity c is introduced to mimic the free-streaming phenomenon in a collisionless gas. Of course the exact simulation for free streaming is impossible in this method, but it will be useful to suppress the sound waves shorter than the Jeans wavelength AdJ. From the above aim, it is assumed, moreover, that this artificial viscous process does not contribute to the thermalization of the fluid contrary to the real viscous process, so that the temperature T of the fluid changes adiabatically. Then we have Tcx:.p2/3, so that the sound velocity Vs is approximately given by In these models it is assumed that all galaxies and clusters of galaxies survive even in the situation in which the 80",90 % of mother particles decay. This is due to the following reasons: Because of the existence of many qtiasars with high redshifts, most protogalaxies may be in their nonlinear stage before the decay time Z=Zd, and at least the central dense parts of clusters of galaxies may be in the nonlinear stage at the same time. These objects at the nonlinear stage survive in spite of the decay of cold particles (the survival condition was examined by Suto and N oguchF 8 ». In order that the role of the artificial viscosity is effective for the perturbations shorter than AdJ, c is required to be 3(qy,/2nY, noticing t ex e 3 " where y,=2L(30 Mpc/ 200 Mpc) and q=l ~2. In the case N=1331, accordingly c=0.2~0.7. In § § 4 and 5, the value c=0.5 is used and examples in the cases c=0.2 and 0.7 are shown for comparison.
m with (vshcx:.a-1 and the Jeans wavelength is given by

AdJ= (VS)B[Jr/ (GPB)]1/2= J6Jr(V S )Bt .
Accordingly we get
(vsht/(aR)=cJe- r , cJ=[(vs)Bt/(aR)h =(AdJ)d(J6 JrR)= L(1 + Zl)1I2/Cj ,
Energy balance
If we define the total kinetic and potential energies (Tp and Up) for particles and the total kinetic and potential energies (T f and U f ) for the fluid as given in Appendix A, we get the relation i=p and j or in the integral form (2·20)
where Wp and W f are defined in Appendix A. Equation (2·20) can be used for the check of accuracy of numerical integrations. In our calculations performed in this paper, the changes Llli in I/i=P and j) during the period from the initial time to the final time were kept to be less than 4 % relative to the changes LlTi and LlUi in Ti and Ui, respectively. § 3. Methods of numerical calculations
In this section we show the methods of integrations for equations of motion and calculations of forces, various initial conditions and boundary conditions.
a.· Integrations
For the motion of particles we use Aarseth's individual time· step method of direct integration 19 ) to solve accurately ordinary differential equations (2' 7) and (2' 8) for Yia and Via. The main differences from his original method are: 1. The periodic boundary condition is imposed in place of the boundary condition at the spherical expanding wall. 2~ The gravitational force due to the dark matter fluid is taken into account together with that due to particles. The dark matter fluid is regarded as being homogeneous in Model A, because the size of the box is smaller than the Jeans wavelength. In Model B we solve Eqs. (2'13) and (2'14) using the simple difference method. The time step is determined so as to be consistent with that for the particle motion which we determine following Aarseth's procedure. The nonlinear terms are included in their equations but they are not so important, because the amplitude of the fluidal perturbations with wavelength larger than the Jeans wavelength is small enough in our treatment. The volume including N particles are divided into n/ cells of equal size with H/=.2L/nf, and the fluid is regarded as consisting of n/ fluid particles with the density variables K(i) and the velocity variables Ua(i), wherei=l, 2, ... , n/. Here we specify nf as nf=15, for which the present length corresponding to Hf is equal to 0.44 x the Jeans wavelength. This value is reasonable, because the spatial change in the fluid is smooth in the regions shorter than the Jeans wavelength.
b. Calculation of forces
It is necessary to calculate three kinds of forces, that is, the force between two particles, the force between two fluid particles, and the force between a particle and a fluid particle, and to assume the appropriate softening conditions for them. Here we put the softening parameters cp and Cf of usual particles and fluid particles, respectively, as follews: Before the epoch Z=Zg or Zcl at which the density perturbations corresponding to galaxies or clusters are bound gravitationally, cp=cpo (=constant~0.2), and after that epoch In the following calculations, Zg and Zcl were taken as zg=3 and zCl=l, respectively, but the results do not depend so much on the values of zuC =1 ~3) and ZCl( =O~ 1), except for the center of the regions where particles highly cluster.
c. Initial conditions at epoch t1
At an initial epoch the perturbations for particles are specified, but all fluidal perturbations are neglected, because initially the latter perturbations have no imp or-tant gravitational effects owing to S ~ o.
First we put all particles regularly at the grid points Ya= na, where n1, n2 and n3 =-nm, -nm+1, ...... , nm (nm=N 1/3 ) , and give them the small perturbations OYa defined by
where 00 is a small number, L=0. 
(3·S)
To compare the correlations in Models A and B, we must relate 00 in the two models, i.e., OOA and OOB in a definite way. For that purpose we consider virtually another model C in which the size is the same as that in Model B but the wave number n (=Ini) runs from 1 to n*(=S nmA), so that the perturbations in the two models are included at the same time. Then the mean density perturbations in Model Care expressed as The value of OOA is determined so that the correlation ~ at the present time may be consistent with the observational one,5)-8) that is, at least one of the two correlations at 5.4h-1 Mpc (Model ~) and at 25h-1 Mpc (Model B) is nearly equal to unity.
In the numerical calculations we used the following values: OOA = 1.44, 0.174 and 0.021, and oOB=0.040, 0.016 and 0.0065 for Ns=O, -1 and -2, respectively, at the time Zl =100.
d. Periodic boundary condition
As the standard points we consider only the points within the region -L;;;'Ya;;;' L, but, since the universe is Infinite, it is assumed to be periodic in the spatial period 2L. That is, a point with coordinates Ya and another point with ya' = Ya + 2Lna are identified, where n1, n2 and n3 are arbitrary integers. When we calculate the forces acting a point at Ya, the points at ya' which satisfy the condition 0< Iy' -yl;;;'L are considered and, by smearing the inhomogeneous distributions of points and fluid density perturbations in the region Iy' -yl > L, the forces from there are neglected.
At this point our direct method for the calculation of forces is similar to Miyoshi and Kihara's one,16) but quite different from the FFT method which was used by Davis et a1. 23 )
If the sizes of the boxes are larger enough than the characteristic sizes of inhomogeneities, however, our method is approximately good and it will be better than the method in which the special spherical comoving boundary is set up and the outside of it is regarded as being homogeneous. § 4. Correlations of galaxies and clusters of galaxies The ratio ~c/~g derived from Eqs. (4'1), (4'2), (4'5) and (4'6) is 5~20 for the same value of r. That is, ~c is observationally larger than ~g at the present time. This fact has not been so far satisfactorily explained in usual theories in which the spectrum of initial density perturbations is expressed by a simple power law with the power index Ns = 1 ~ -2.
The clustering of galaxies is described quantitatively by use of the two-point correlation function ';g(r). The observational correlation function derived by Davis and Peebles
In the following we shall explain the behaviors of ~g and ~c at the same time from the viewpoint of our decaying particle theory with massive decay products. Here 19
and ~c are derived in Model A and Model B, respectively, and the relation between them is determined by the conjunction condition (3'11) in the previous section .. The details about the derivation of our correlation functions are shown in Appendix B.
The simulations were performed for Ns=O, -l.and -2 and (so, zd)=(0.9, 3.0),(0.9, 2.0) and (0.8,3.0). In these simulations we used four kinds of different initial conditions which are derived by giving four series of random numbers B(n) in Eq. (3'2).
These conditions are labeled Gi and 'c; (i=1 ~4) for Models A and B, respectively.
Mo'del A
The left-hand side of Fig. 2(a) shows the mean present cQrrelation functions ~g which were derived for (Ns, So, Zd)=( -1,0.9,3.0) from the four initial c·onditions. The left-hand sides of Figs. 2(b)~(d) show the present correlation functions ~g which were derived from initial conditions GI for (a) Ns=O, (b) N s= -1 and (c) N s= -2. From these figures it is found that the two observational properties (4·3) and (4'4) can be roughly simulated by our models with (Ns, so, Zd)==(O, 0.8~0.9, 2.0~3.0) and (-1, 0.9, 2.0~3.0), keeping the present mass of each particle to be the standard galactic mass ~ 10 11 M®. The case Ns=O seems to be best. . The behaviors of ~g at the previous times are shown in Fig. 3 for N s =-l, So=0.9 and zd=3.0. It is interesting that ~g is prevented from becoming steeper than the state with y=1.8. This characteristic tendency can be seen in Suto's recent work l5 ) but, because he treated only the case zd<l, ~(5.4h-l) at his'''present'' time was much smaller than unity, so that it was not consistent with the real correlation function.
Model B
Corresponding to the figures in Model A, the cluster-cluster correlation functions ~c are shown on the right-hand sides of Fig. 2 ---, -, --, ----. ---, -, --, --- 
.~\\ lower limits, the behaviors of ~c are shown in Fig. 4 and it can be seen from it that the change in c between the two limits does not have any serious influence on ~c. ,"...
, "
, ' , Mpc, respectively. Iris impossible to derive this velocity distribution in the usual baryon and cold matter dominated fiat universe models,22) because in them 6 is much larger than 500 km/s for hr=5 Mpc.
N ext the relative peculiar velocities of rich clusters of galaxies were studied by Bahcall, Soneira and Burgett 12 ) in the range of ~ 150 Mpc and it was found that their ; I distribution in the three dimensional velocity space has a strong elongation in the . redshift (line of sight) direction. This corresponds to the relative peculiar velocities ~2000 km/s among cluster pairs. Within the range of the distance~50 Mpc, moreover, the large-scale stream motion of clusters was observed and its velocity was estimated to be ~1000 km/s.10),1l) These velocities may be an important and serious key to select the models of large-scale structure. N ow let us show the velocity distributions in galaxies and clusters of galaxies in a decaying-particle model with massive decay products. They were derived in Models A and B for various parameters specified in the previous section. Here the root-mean-square relative velocity (V 2 )1!2 is defined in Appendix B. 
. From the two comparisons in the galaxy-galaxy and cluster-cluster relative velocities, we conclude that the Cases (Ns, so, Zdr=( -1, 0.8~0.9, 2.0~3.0) are best.
In order to examine whether dur models represent the large-scale stream motion or not, moreover, we evaluated the mean velocity V50 for clusters of galaxies belonging to boxes whose width is 50 h-1Mpc. Within a box with width 200 h-1Mpc there are 64 small boxes with width 50 h-1Mpc (d. Fig. 9 ). The mean velocity V50 was divided into classes with differences LlV50=333 km/s as follows and the histograms were derived for these classes: We studied the correlation functions and velocity distributions in a decayingparticle model with a massive decay product, comparing them with the observational results and found their consistency in the cases Ns=O~ -1, So=0.8~0.9 and zd=2.0~3.0. The key point in our decaying-particle model is that the massive decay product with the Jeans wavelength AdJ~30h-l Mpc plays an important role in making slower the clustering for r <AdJ than that for r~AdJ. This role is weaker for smaller values of So and Zd. The dependence on the index Ns also is important, because the smaller values of Ns give the larger initial perturbations for large r.
In our treatment there are two serious . problems to be examined. The first is whether the fluid approximation for the decay product in which the artificial viscosity was used to represent the freestreaming effect is good or not. In a separate work it is necessary to treat the decay product as a collisionless gas which satisfies the Vlasov equation. The second is the consistency between the amplitudes of our density perturbations and the observed isotropy of. the cosmic background radiation. We assumed Zd to be 2.0 ~ 3.0, so that the amplitudes may satisfy the condition derived by Kolb, Olive and Vittorio. 24 ) However the consistency seems very severe for recently observed isotropy. 25) The number of particles in our simulation seems smaller by 10 than those in the other recent simulations. This is because in our case the present density (£Jet) of the matter included within galaxies and clusters is smaller by about 10 than the critical mass density owing to the decay effect and hence the number of galaxies and clusters is smaller by about 10 than that in the case when all matter is included within those objects and there is no decay, as long as we assume that their present masses are standard masses of galaxies and clusters.
